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ABSTRACT 

A second investigation was conducted in the 12-in., 
i n t e r m i t t e n t ,  s u p e r s o n i c  wind tunne l  of  t he  von K a r m a n  
Gas D y n a m i c s  F a c i l i t y  to m e a s u r e  the  e f f e c t i v e n e s s  of  
b o u n d a r y - l a y e r  s u c t i o n  on a 2 0 - c a l i b e r  og ive  c y l i n d e r .  
The  a p p l i c a t i o n  of s u c t i o n - t y p e  b o u n d a r y - l a y e r  c o n t r o l  on 
the  og ive  was  i n v e s t i g a t e d  at Mach  n u m b e r s  2.5, 3.0, 3.5, 
and 4 . 0  o v e r  a unit  R e y n o l d s  n u m b e r  r a n g e  f r o m  0.07 to 
1 .03 x 106 p e r  inch  wi th  the  m o d e l  at z e r o  ang le  of  a t t ack .  
S o m e  add i t i ona l  da ta  w e r e  o b t a i n e d  at 2 - d o g  ang le  of  a t t a ck  

• at Mach  n u m b e r  3. As a r e s u l t  of i m p r o v i n g  the  d e s i g n o f  
the  s u c t i o n  s y s t e m  a s i g n i f i c a n t  ga in  was  m a d e  in r e d u c i n g  
the  ne t  d r a g  of the  m o d e l  at M a c h  n u m b e r  3 by b o u n d a r y -  
l a y e r  suc t i on .  The  p r e s e n c e  of the  s u c t i o n  s l o t s  wi th  no 
s u c t i o n  when  c o m p a r e d  wi th  t he  s e a l e d  s l o t  c o n f i g u r a t i o n  
( that  is ,  s m o o t h  m o d e l )  had  s o m e  i n f l u e n c e  on the  b o u n d a r y -  
l a y e r  c h a r a c t e r i s t i c s  at a l l  Mach  n u m b e r s .  
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NOMENCLATURE 
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A b 

CD F 

CD s 

% 

Dp 

m 

p 

pj 
q~ 

Re 

% 

U 

u, 

u. 
X 

X t 

y 

A* 

8 

8" 

Model base  area,  8. 296 sq in. 

Model wetted area,  144 sq in. up to model  station, 

F r i c t iona l -d rag  coefficient,  2c 

Suction-drag coefficient,  m U./q=Aw 

Suction mass - f low coefficient,  m/p= U.Aw 

Fr ic t iona l  drag, lb 

Suction drag, lb 

F r e e - s t r e a m  Mach number  

Mass ra te  of suction, l b - s e c / i n .  

Local model  s tat ic  p r e s s u r e ,  ps ia  

Local model pitot p r e s su re ,  ps ia  

F r e e - s t r e a m  dynamic p r e s s u r e ,  ps ia  

Reynolds number ,  based on d is tance  to rake  location 

Maximum model radius,  1. 825 in. 

Local velocity in boundary layer ,  i n . / s e c  

Local  velocity outside boundary layer ,  i n . / s e c  

F r e e - s t r e a m  velocity, i n . / s e c  

Model axial  position, in. 

Boundary- layer  t rans i t ion  location, in. 

Distance normal  to model surface ,  in. 

Angle of attack, deg 

Boundary- layer  d isp lacement  p a r a m e t e r ,  in . ,  

fo 8 Y s rm ( 1 - pU d Y 1 ,-~- ÷ ~- ~ 

Boundary- layer  total thickness ,  in. 

Boundary- l aye r  d isp lacement  thickness ,  in . ,  

(p~ uj/p. u.i~* 

Boundary- l aye r  momentum loss  coefficient,  2(0/rm) 

18.8 i n .  

7 



AEDC-TNo61-66 

0* 

P 

P~ 

Boundary-layer momentum thickness, in., 

(9 U~'/p® U210" 

Boundary-layer momentum parameter,  in., 

rm f 0 U 1 U d Y 1 
,% 

Local density in the boundary layer, lb-sec2/in. 4 

Local density outside the boundary layer, lb-sec2/in. 4 

Free-s t ream density, lb-sec2/in. 4 

Radial coordinate angle from leeward side, deg 

w fm 
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INTRODUCTION 

An e x p e r i m e n t a l  p r o g r a m  u t i l i z i n g  b o u n d a r y - l a y e r  s u c t i o n  to  d e l a y  
t r a n s i t i o n  on a body of r e v o l u t i o n  was  i n v e s t i g a t e d  fo r  the  NORAIR D i v i -  
s i o n  of the  N o r t h r o p  C o r p o r a t i o n  u n d e r  the  s p o n s o r s h i p  of A e r o n a u t i c a l  
S y s t e m s  D i v i s i o n  (ASD) in the  1 2 - i n . ,  i n t e r m i t t e n t ,  s u p e r s o n i c  t u n n e l  

I t 
(Tunne l  E -1 )  of the  ~,on K a r m a n  Gas  D y n a m i c s  F a c i l i t y  (VKF),  A r n o l d  
C e n t e r  (AFSC).  An e a r l i e r  t e s t  p r o g r a m *  u t i l i z i n g  a 2 0 - c a l i b e r  og ive  
c y l i n d e r  was  conduc t ed  for  NORAIR at  M a c h  n u m b e r s  2 .5 ,  3 .0 ,  and 3 .5  
in  T u n n e l  E - 1  in May  1958, but  b e c a u s e  of s u c t i o n  flow l i m i t a t i o n s  r e -  
s u l t i n g  p r i m a r i l y  f r o m  the  mode l  d e s i g n  on ly  l i m i t e d  s u c t i o n  r e s u l t s  w e r e  
ob t a ined .  Us ing  the  s a m e  c o n f i g u r a t i o n  and m o d e l  s i z e ,  the  NORAIR D i v i -  
s i o n  i n c r e a s e d  the  n u m b e r  of s u c t i o n  s l o t s  and the  i n t e r n a l  s u c t i o n  l i n e  
d i a m e t e r s  to r e d u c e  t he  p r e s s u r e  d rop  t h r o u g h  the  s u c t i o n  s y s t e m  and 
t h u s  i m p r o v e  the  p e r f o r m a n c e  of the  m o d e l .  

The  p r i m a r y  p u r p o s e  of the  p r e s e n t  p r o g r a m  was  to e v a l u a t e  the  
e f f e c t s  of b o u n d a r y - l a y e r  s u c t i o n  on the  i m p r o v e d  mode l .  T h e  t e s t  w a s  
c o n d u c t e d  d u r i n g  the  p e r i o d  f r o m  F e b r u a r y  13 t h r o u g h  M a r c h  3, 1961. 
T e s t  r e s u l t s  w e r e  o b t a i n e d  at M a c h  n u m b e r s  2 .5 ,  3 .0 ,  3 .5 ,  and 4 . 0  at 
an  o v e r a l l  R e y n o l d s  n u m b e r  r a n g e  f r o m  0 .07  to 1 .03  m i l l i o n  p e r  inch .  
At M a c h  n u m b e r  3, the  e f f e c t i v e n e s s  of b o u n d a r y - l a y e r  s u c t i o n  was  m e a s -  
u r e d  at 2 -deg  ang l e  of a t t a c k  and at  z e r o  ang le  of a t t a c k  at  M a c h  n u m -  
b e r s  2 .5 ,  3 .0 ,  3 .5 ,  and 4 . 0 .  

APPARATUS 

WIND TUNNEL 

T u n n e l  E - 1  is  an  i n t e r m i t t e n t ,  s u p e r s o n i c  wind t unne l  w i th  a 
12- in .  by  12- in .  t e s t  s e c t i o n  (F ig .  1). The  'top and bo t tom w a l l s  of t he  
n o z z l e  a r e  f l ex ib l e  p l a t e s  wh ich  a r e  p o s i t i o n e d  by s c r e w  j a c k s  to v a r y  
the  M a c h  n u m b e r  wi th in  the  r a n g e  f r o m  1.5 to 5. The  m a x i m u m  a l l o w -  
ab le  s t r e s s  on the  f l e x i b l e  n o z z l e  p l a t e  l i m i t s  the  tunne l  s u p p l y  p r e s s u r e  
to  a m a x i m u m  of four  a t m o s p h e r e s ,  wh ich  is  m a i n t a i n e d  by t h r o t t l i n g  
t h e  f low f r o m  a s u r f a c e - h e a t e d ,  h i g h - p r e s s u r e ,  a i r  s t o r a g e  s y s t e m .  A 
l a r g e  v a c u u m  s p h e r e  coup led  to  the  d o w n s t r e a m  end of the  t u n n e l  p e r m i t s  
o p e r a t i o n  at low d e n s i t y  l e v e l s .  • 

M a n u s c r i p t  r e l e a s e d  by  a u t h o r s  M a y  1961. 

• W. T .  S t r i k e  and J .  C. D o n a l d s o n .  " I n v e s t i g a t i o n  of Suc t ion  C o n -  
t r o l l e d  B o u n d a r y  L a y e r  on a N o r t h r o p  Mode l  at  M a c h  N u m b e r s  of 2 .5 ,  
3 .0 ,  and 3 .5 .  " A E D C - T N - 5 9 - 8 0 j  J u l y  1959. 

9 
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MODEL 

A 2 0 - c a l i b e r ,  t angen t ,  og ive  c y l i n d e r  (F ig s .  2 and 3) was  u s e d  as  a 
t y p i c a l  body of r e v o l u t i o n .  The  m o d e l ,  a p p r o x i m a t e l y  s e v e n  c a l i b e r s  
long  wi th  a 3 . 2 5 - i n .  b a s e  d i a m e t e r ,  was  s t r u t - m o u n t e d  to the  t unne l  
f loo r .  Four ,  s u r f a c e ,  s t a t i c  p r e s s u r e  o r i f i c e s  w e r e  l o c a t e d  at v a r i o u s  
m o d e l  s t a t i o n s  (F ig .  2). The  m o d e l  wi th  four  i n d e p e n d e n t ,  i n t e r n a l  
s u c t i o n  c h a m b e r s  was  f a b r i c a t e d  wi th  s e p a r a t e  i n n e r  and o u t e r  s h e l l s .  
A s h r i n k  fit p r o c e s s  was  used  to ho ld  the  two s h e l l s  in p l ace .  The  o u t e r  
s h e l l  c o n s i s t e d  of c o n t o u r e d  a l u m i n u m  bands  s e p a r a t e d  by s p a c e s  w h i c h  
f o r m e d  s lo t s  (0. 004 to 0 .006  i n c h e s  in width)  o v e r  r i n g s  of h o l e s  in t h e  
i n n e r  s h e l l  (F ig .  4). Thus ,  wi th  s u c t i o n  app l i ed  a i r  f lowed t h r o u g h  the  
s lo t  into a s m a l l  p l e n u m  c h a m b e r  b e t w e e n  t he  i n n e r  and o u t e r  s h e l l s  and  
t h e n  t h r o u g h  the  h o l e s  of t he  i n n e r  s h e l l  into a s u c t i o n  c h a m b e r .  The  
m o d e l ,  the  s u c t i o n  m e t e r i n g  boxes ,  a c o m m o n  s u c t i o n  tank,  and a s s o -  
c i a t e d  s u c t i o n  l i n e s  w e r e  f u r n i s h e d  by NORAIR.  

A b o u n d a r y  l a y e r  r a k e  (F ig .  3) c o n s i s t i n g  of s e v e n  to ta l  head  p r o b e s  
m a d e  of 0. 016- in .  O .D .  s t e e l  t u b e s  was  m o u n t e d  on the  m o d e l .  The  r a k e  
cou ld  be p o s i t i o n e d  at any s t a t i o n  a long  the  c y l i n d r i c a l  p o r t i o n  of t he  
m o d e l .  

SUCTION SYSTEM 

A s c h e m a t i c  of  the  s u c t i o n  s y s t e m  is  ou t l i ned  in F ig .  4. F r o m  e a c h  
of t he  four  m o d e l  s u c t i o n  c h a m b e r s ,  a s u c t i o n  l i ne  was  c o n n e c t e d  to a 
m e t e r i n g  box, c o n t a i n i n g  a t h r o t t l e  v a l v e  and  an i n t e r c h a n g e a b l e  c o n -  
v e r g i n g  n o zz l e ,  which  was  u s e d  to r e g u l a t e  and m e a s u r e  the  m a s s  of  a i r  
r e m o v e d  f r o m  th e  b o u n d a r y  l a y e r .  F o u r  e v a c u a t i n g  l i n e s  f r o m  the  
m e t e r i n g  boxes  w e r e  c o n n e c t e d  to a c o m m o n  12- in .  - d i a m  s u c t i o n  l i ne .  

l 

INSTRUMENTATION 

All  p r e s s u r e s  w e r e  m e a s u r e d  wi th  d i f f e r e n t i a l  t r a n s d u c e r s  u s ing  a 
r e f e r e n c e  p r e s s u r e  of  10 to 80 m i c r o n s  of m e r c u r y .  The  r e f e r e n c e  
p r e s s u r e s  w e r e  m e a s u r e d  by l o w - p r e s s u r e  g a g e s  and i n c o r p o r a t e d  in 
the  da ta  r e d u c t i o n  p r o g r a m .  The  output  of the  t r a n s d u c e r s  and t h e r m o -  
c o u p l e s  was  m o n i t o r e d  on s e l f - b a l a n c i n g  p o t e n t i o m e t e r s  wh ich  w e r e  
d i g i t i z e d  so that  da ta  cou ld  be a u t o m a t i c a l l y  r e c o r d e d ,  c o m p u t e d ,  and 
t a b u l a t e d .  

A s i d e  f r o m  the  t unne l  t e s t  cond i t i ons ,  the  fo l lowing  i n f o r m a t i o n  was  
r e c o r d e d  du r ing  the  t e s t :  fou r  m o d e l  s u r f a c e  s t a t i c  p r e s s u r e s ,  m o d e l  

10 
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s u c t i o n  c h a m b e r  p r e s s u r e s  and t e m p e r a t u r e s ,  m e t e r i n g  c h a m b e r  s t a g -  
na t i on  p r e s s u r e s  and t e m p e r a t u r e s ,  and the  d i f f e r e n t i a l  p r e s s u r e  b e t w e e n  
s t a g n a t i o n  and n o z z l e  s t a t i c  p r e s s u r e  of e a c h  of t he  m e t e r i n g  b o x e s .  

A c o n s e r v a t i v e  e s t i m a t e  of the  p r e c i s i o n  of t h i s  da ta  at  M a c h  n u m -  
b e r  3 in t e r m s  of the  p r e s s u r e  r a t i o  (p/P;) w a s  +0 .4  p e r c e n t  w h i c h  
r e s u l t e d  in a v e l o c i t y  r a t i o  (U/U~) r e l i a b i l i t y  of +0 .2  p e r c e n t .  It was  
not  f e a s i b l e  to  ob ta in  a t r u e  s t a t i s t i c a l  e s t i m a t e  of the  u n c e r t a i n t y  of the  
b o u n d a r y - l a y e r  p a r a m e t e r s  b e c a u s e  t h e s e  c o m p u t a t i o n s  depended  upon  
the  f a i r i n g  of c u r v e s ,  the  a c c u r a c y  of the  m e a s u r e m e n t s  of the  r a k e  
g e o m e t r y ,  and the  u s e  of a p l a n i m e t e r  to  g r a p h i c a l l y  i n t e g r a t e  t he  m o -  
m e n t u m  and d i s p l a c e m e n t  p a r a m e t e r  d i s t r i b u t i o n s .  

S h a d o w g r a p h  p i c t u r e s  of the  f low on the  m o d e l  in t he  r e g i o n  a h e a d  
of the  b o u n d a r y - l a y e r  r a k e  w e r e  t a k e n  fo r  n e a r l y  a l l  t e s t  p o i n t s .  

PROCEDURE 

Th.e t e s t s  w e r e  conduc t ed  in T u n n e l  E - 1  at  the  fo l lowing  t e s t  c o n d i -  
t i o n s :  

N o m i n a l  
M a c h  No. M a c h  No. R e / i n .  x 106 

B o u n d a r y - L a y e r  R a k e  
L o c a t i o n s ,  in.  

2 .5  2 . 5 0  = 0 . 1 0  to 1 .03  18 .8  ~ Wi th  o r  Wi thou t  
3 .0  3 . 0 0  = 0 . 0 7  to 0 . 8 4  18 .8  f S u c t i o n  
3 . 5  3 . 4 9  - 0 . 1 0  to 0 . 6 0  19 .1  
4 . 0  3 .98  : 0 . 0 8  to 0 .46  19 .1  Wi th  Suc t ion  

E x c e p t  fo r  s o m e  t e s t  r e s u l t s  at M a c h  n u m b e r  3, the  b o u n d a r y - l a y e r  
p r o f i l e s  w e r e  m e a s u r e d  wi th  the  m o d e l  at  z e r o  ang l e  of  a t t a c k  at e a c h  
M a c h  n u m b e r .  At Mach  n u m b e r  3 s o m e  m e a s u r e m e n t s  w e r e  o b t a i n e d  
w i t h  the  m o d e l  at  2 - d e g  ang le  of a t t ack .  

The  t e s t  p r o c e d u r e  c o n s i s t e d  of f i r s t  d e t e r m i n i n g  the  s t a g n a t i o n  p r e s -  
s u r e  at wh ich  t r a n s i t i o n  o c c u r r e d  at  the  b o u n d a r y - l a y e r  r a k e  wi thou t  
s u c t i o n  by no t ing  the  r a t e  of cha nge  of the  l o c a l  p i to t  p r e s s u r e s  w i th  f r e e -  
s t r e a m  s t a g n a t i o n  p r e s s u r e s .  S t a r t i n g  wi th  the  c o n d i t i o n s  w h e r e  t he  
b o u n d a r y  l a y e r  was  t u r b u l e n t  at the  r a k e ,  the  e f f e c t s  of s u c t i o n  w e r e  
d e t e r m i n e d  fo r  v a r i o u s  f r e e - s t r e a m  R e y n o l d s  n u m b e r s .  

A f t e r  the  s u c t i o n  p h a s e  of t e s t i n g ,  the  b o u n d a r y - l a y e r  p r o f i l e  was  
m e a s u r e d  at e a c h  M a c h  n u m b e r  o v e r  the  m a x i m u m  a v a i l a b l e  R e y n o l d s  
n u m b e r  r a n g e  wi th  no s u c t i o n  when  the  r a k e  was  p l a c e d  18 .8  in.  af t  of 
t h e  mode l  nose .  D a t a  w e r e  o b t a i n e d  wi th  the  s u c t i o n  s l o t s  open and wi th  
t h e  e v a c u a t i n g  l i n e s  to the  m e t e r i n g  boxes  s e a l e d .  T h e s e  m e a s u r e m e n t s  
w e r e  t h e n  r e p e a t e d  wi th  t he  s u c t i o n  s l o t s  s e a l e d  by den ta l  p l a s t e r .  
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DATA ANALYSIS 

T h e  e x p e r i m e n t a l  da t a  w e r e  a n a l y z e d  as  fo l lows .  S i n c e  t h e  m e a s -  
u r e m e n t s  w e r e  p e r f o r m e d  on a body of r e v o l u t i o n ,  a b o u n d a r y - l a y e r  
m o m e n t u m  l o s s  c o e f f i c i e n t  (~) was  o b t a i n e d  by d i v i d i n g  the  l o s s  of  t he  
m o m e n t u m  in the  b o u n d a r y  l a y e r  by the  p r o d u c t  of p~ Uj ~ and the  m o d e l  
b a s e  a r e a .  

S h o c k  

PmU~ 

'•--•%% B o u n d a r y  
• L a y e r  

Body o f  R e v o l u t i o n  

The  fo l lowing  r e l a t i o n s  w e r e  u s e d  to de f ine  t he  b o u n d a r y - l a y e r  m o m e n -  
t u m  t h i c k n e s s  ~, t he  d i s p l a c e m e n t  t h i c k n e s s  8", and s k i n - f r i c t i o n  c o e f -  
f i c i en t  CDF: 

! 

_ --_ p U  U 1 

rm ~ - ~  - d Y - -  , -~--"  ÷ ~ 

w h e r e  
rm Uo~ rm 

and  c -  2(0/era) , CD F - 2~ (Ab/Aw) 

S i m i l a r l y  the  d i s p l a c e m e n t  t h i c k n e s s  was  d e f i n e d  as 

A e / r m  - 1 - p U d ~ 1 
rllI T " 

8*/,,,,., ,,. (P.t u~/p,,,, u,.) (~ ' / rm)  
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Tile suc t ion  coef f ic ien t  Cm was defined as C~ = m/(p~ U~ Aw).  

A s s u m i n g  that  all  of the m o m e n t u m  of the a i r  r e m o v e d  f r o m  the 
boundary  l a y e r  has been los t ,  the c o r r e s p o n d i n g  m i n i m u m  suc t ion  
drag  (I) s) is equal to the product  of m U,.  Hence the s u c t i o n - d r a g  coef -  
f ic ient ,  r e f e r r e d  to the  model  wet ted a r ea ,  is 

CD s = Ds/q~Aw = 2Cm 

The e f f ec t i venes s  of the  suc t ion  at Mach n u m b e r  3 was eva lua ted  
over  the Reynolds  n u m b e r  r ange  with the r a t io  of the  to ta l  ( suc t ion  and 
f r ic t ion)  d r ag  to the  d r ag  without suc t ion  (that is,  f r i c t ion  drag)  with the  
model  s lo t s  s ea l ed .  

RESULTS AND DISCUSSION 

Typ ica l  plots  of the  ve loc i ty  r a t i o  (U/U l ), d i sp l acemen t ,  and m o m e n -  
tum d i s t r i bu t i on  in the boundary  l a y e r  on the  20 -ca I ibe r  ogzve c y l i n d e r  
at Mach number  3 over  a Reynolds  n u m b e r  r ange  at ze ro  angle  of a t t ack  
a r e  p r e s e n t e d  in Fig.  5. These  data  r e p r e s e n t  the b o u n d a r y - l a y e r  c h a r -  
a c t e r i s t i c s  of a smooth,  cont inuous,  ogive s u r f a c e  (that is ,  the  s lo t s  in 
the 2 0 - c a l i b e r  ogive c y l i n d e r  w e r e  s e a l e d  with denta l  p l a s t e r  to s t a t i on  18.8). 
As expected,  the l a m i n a r  p rof i le  t h i c k n e s s  d e c r e a s e d  with i n c r e a s i n g  R e y n -  
olds n u m b e r  unti l  the boundary  l a y e r  became  p a r t i a l l y  t u rbu len t  or  until  
t r a n s i t i o n  o c c u r r e d  in the  reg ion  of the  b o u n d a r y - l a y e r  r ake .  A f u r t h e r  
i n c r e a s e  in Reynolds  n u m b e r  in the r ange  be tween a ful ly l a m i n a r  and 
tu rbu len t  boundary  l a y e r  r e s u l t e d  in the  usual  i n c r e a s e  in the  b o u n d a r y -  
l a y e r  p ro f i l e  t h i c k n e s s .  

At 2-dog angle  of a t t ack  the v a r i a t i o n  of the b o u n d a r y - l a y e r  p r o f i l e s  
v a r i e d  a round  the  ogive at model  s t a t ion  18.8 in. as shown in Fig .  6. 
T h e s e  da ta  were  t aken  at Mach number  3 with the model  s l o t s  open but 
with no suc t ion .  On the l e e w a r d  s ide  of the  model  (~ = 0 dog)the b o u n d a r y -  
l a y e r  p r o f i l e s  were  th i ckes t ,  and t r a n s i t i o n  of the  boundary  l a y e r  f r o m  
l a m i n a r  to p a r t i a l l y  t u rbu l en t  flow at a f r e e - s t r e a m  Reynolds  n u m b e r  of 
0 .19 x 106 pe r  inch o c c u r r e d  between the windward  s ide  and the 90-deg  
r a d i a l  pos i t ion .  An i n c r e a s e  in Reyno lds  n u m b e r  to 0 .84 x 106 p e r  inch 
p roduced  tu rbu len t  flow at r ad ia l  pos i t ions  ~ =. 0, 90, and 180 dog. 

In F ig .  7, the inf luence  of the suc t ion  s lo t s  without suc t ion  on the 
b o u n d a r y - l a y e r  c h a r a c t e r i s t i c s  a r e  p r e s e n t e d  for  Mach n u m b e r s  2.5, 3.0, 
3 .5,  and 4 .0 .  In the  ca se  of the s lo t t ed  model  with no appl ied  suc t ion ,  
Some loca l  suc t ion  and blowing wil l  r e s u l t  f r om the axia l  p r e s s u r e  
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grad ien t  because  a c o m m o n  model  suc t ion  c h a m b e r  was u t i l ized  fo r  
s e v e r a l  model  s lo ts  a long the model  s u r f a c e  (see  Figs .  2 and 4). The 
r a t e  o£ exchange of a i r  be tween s lo t s  was gove rned  by the magni tude  of 
the p r e s s u r e  g rad ien t  and the  p r e s s u r e  loss  th rough  the individual  s u c -  
t ion s lo t s .  In gene ra l ,  suc t ion  would tend to de lay  t r ans i t i on ,  w h e r e a s  
the d i s c h a r g e  of a i r  into the boundary  l a y e r  and the p r e s e n c e  of the s lo t s  
would tend to p r o m o t e  e a r l y  t r a n s i t i o n .  

Apparen t ly  at Mach n u m b e r  2.5 (Fig.  7a) the s lots  c r e a t e d  an un- 
f avorab le  condi t ion  which caused  t r a n s i t i o n  to occur  soone r  on the 
s lo t ted  model  than on a smoo th  con toured  s u r f a c e  when the s lo t s  were  
sea led .  At the h ighe r  Mach n u m b e r s ,  name ly  3.0,  3.5,  and 4 .0 ,  the  
open s lo ts  tended to de lay  t r a n s i t i o n  s l i gh t ly  and d e c r e a s e  thc  f r i c t i o n  
d rag  in the t r a n s i t i o n a l  Reynolds  n u m b e r  r ange  where  the bounda ry  l a y e r  
was n e i t h e r  fully l a m i n a r  nor  ful ly tu rbu len t .  The  magni tude  of the  de lay  
in t r a n s i t i o n  r e su l t i ng  f r o m  the open suc t ion  s lo t s  i n c r e a s e d  with the 
Maeh n u m b e r  for  Mach n u m b e r s  of 3 o r  above.  

F igu re  8 p r e s e n t s  the  inf luence of suc t ion  and suct ion s lo t s  open and 
sea l ed  on the b o u n d a r y - l a y e r  p ro f i l e s  at Mach number  3. F i g u r e s  7b 
and 8 show that  with the suc t ion  s lo ts  open the b o u n d a r y - l a y e r  t h i c k n e s s  
was reduced  , and the ve loc i ty  p ro f i l e s  were  a l t e r e d  by a m e a s u r a b l e  
amount .  P r o f i l e s  a r e  a l so  p r e s e n t e d  in Fig.  8 to show a c o m p a r i s o n  of 
the  b o u n d a r y - l a y e r  p r o f i l e s  obta ined with suc t ion  and without suc t ion  for  
the  cases  of open and s ea l ed  suc t ion  s lo t s .  

In Fig.  9, the s u c t i o n - m a s s  coef f i c ien t  (which is h e r e i n  r e f e r r e d  to 
as the op t imum suc t ion  coeff ic ient )  r e p r e s e n t s  the amount  of suc t ion  r e -  
qui red  to produce  the m i n i m u m  o v e r a l l - d r a g  coeff ic ient  (CD F + CDs) at  
a given f r e e - s t r e a m  Reynolds  number .  The t e s t  p rocedu re  cons i s t ed  of 
f i r s t  establ ishh~g the suc t ion  value  which p roduced  the m i n i m u m  b o u n d a r y -  
l a y e r  m o m e n t u m  t h i c k n e s s .  At this  condi t ion  data  were  r e c o r d e d  fo r  n e a r  
m a x i m u m  suct ion,  and addi t ional  data  were  obta ined at r educed  va lues .  
Although reduc ing  the  amount  of suc t ion  tended to i n c r e a s e  the  bounda ry -  
l a y e r  m o m e n t u m  th i ckness ,  the o v e r a l l - d r a g  coef f ic ien t  (CD~' + CDs ) 
could be r educed  with a r educ t ion  in suc t ion .  

The op t imum suc t ion  va lues  and the r e l a t i v e  reduc t ion  in o v e r a l l  d rag  
(that  is ,  f r i c t i ona l  and suc t ion  d r a g ) r e s u l t i n g  f r o m  suct ion with r e s p e c t  to 
the  f r i c t i ona l  d rag  without suc t ion  a re  plot ted aga ins t  the f r e e - s t r e a m  
Reynolds  number  at Mach number  3 in Fig.  9. Because  b o u n d a r y - l a y e r  
suc t ion  tends to de lay  t r a n s i t i o n  o r  s t ab i l i ze  the boundary l aye r ,  the op t i -  
mu m value of the o v e r a l l  d rag  (suct ion plus f r i c t i ona l  drag) will  app roach  
but n o r m a l l y  exceed the l a m i n a r  f r i c t i ona l  d rag  at a p a r t i c u l a r  Reynolds  
nu mber .  T h e r e f o r e  in the  Reynolds  n u m b e r  range  (tie > 5 x 10' at M,, ffi 3) 
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w h e r e  the  b o u n d a r y  l a y e r  was  t r a n s i t i o n a l  o r  t u r b u l e n t ,  the  m a x i m u m  
p o s s i b l e  r e d u c t i o n  in the  o v e r a l l  d r a g  m u s t  a p p r o a c h  the  l a m i n a r  d r a g  
va lue .  The  l a m i n a r - d r a g  c o e f f i c i e n t  va lue  u s e d  in F ig .  9 to d e f i n e  the  
m a x i m u m  p o s s i b l e  d r a g  r e d u c t i o n  was ob ta ined  by e x t r a p o l a t i n g  the  
l a m i n a r  f r i c t i o n a l  d r a g  v a l u e s  m e a s u r e d  at the  l o w e r  R e y n o l d s  n u m b e r  
(Re < 5 x 10' at M --- 3) to the  h i g h e r  Reyno lds  n u m b e r ,  w h e r e  the  b o u n d -  
a r y  l a y e r  was  n o r m a l l y  t r a n s i t i o n a l  o r  t u r b u l e n t .  

A l s o  i n c l u d e d  in F ig .  9 is a c o m p a r i s o n  of t he  p r e s e n t  r e s u l t s  to  
e a r l i e r  t e s t  r e s u l t s  o b t a i n e d  in Tunne l  E -1  and r e p o r t e d  i n A E D C - T N - 5 9 - 8 0 .  
As  a r e s u l t  of i m p r o v i n g  the  d e s i g n  of the  m o d e l  ( i n c r e a s i n g  the  n u m b e r  of  
s u c t i o n  s l o t s  and d i a m e t e r  of  t he  i n t e r n a l  s u c t i o n  l i n e s )  t r a n s i t i o n  of t he  
b o u n d a r y  l a y e r  f r o m  l a m i n a r  to t u r b u l e n t  f low was  d e l a y e d ,  and t r a n s i t i o n  
o c c u r r e d  at a R e y n o l d s  n u m b e r  f r o m  10 to 11 m i l l i o n  i n s t e a d  of on ly  6 o r  
6 . 5  m i l l i o n  as  r e p o r t e d  in  A E D C - T N - 5 9 - 8 0 .  The  m a x i m u m  s u c t i o n  c o e f -  
f i c i e n t  Cm a c h i e v e d  in the  p r e v i o u s  t e s t  was 1 .24 x 10 -4, w h i c h  r e s u l t e d  
in the  o p t i m u m  r e d u c t i o n  in the  o v e r a l l  d r a g  of 27 p e r c e n t  at a R e y n o l d s  
n u m b e r  of 6 o r  6 . 5  m i l l i o n .  In the  p r e s e n t  t e s t  the  o p t i m u m  s u c t i o n  
c o e f f i c i e n t  Cm was 1.36 x 10 -4  at a R e y n o l d s  n u m b e r  of 10.5 x 106 , w h i c h  
r e s u l t e d  in a 5 8 - p e r c e n t  r e d u c t i o n  in the  o v e r a l l  d r ag .  

The  o p t i m u m  s u c t i o n  c o e f f i c i e n t  Cm, r e p r e s e n t e d  the  t o t a l  s u c t i o n  
c o e f f i c i e n t  of a l l  f ou r  m o d e l  s u c t i o n  c h a m b e r s .  T h e r e  was  an u n l i m i t e d  
n u m b e r  of c o m b i n a t i o n s  of s u c t i o n  d i s t r i b u t i o n  wh ich  e q u a l l e d  the  to ta l  
s u c t i o n  va lue  p lo t t ed  in F ig .  9 as the  o p t i m u m  s u c t i o n  va lue .  In g e n e r a l ,  
the  a m o u n t  of  s u c t i o n  was equa l l y  d i v i d e d  a m o n g  the  four  m e t e r i n g  c h a m -  
b e r s  for  the  o p t i m u m  c a s e .  In s o m e  c a s e s ,  i n c r e a s i n g  t he  s u c t i o n  b e y o n d  
t h e  o p t i m u m  va lue  would  d e c r e a s e  t he  f r i c t i o n a l  d r a g  but i n c r e a s e  t h e  
o v e r a l l  d r a g  (CD F + CDs) ( s e e  F ig .  9). 

F o r  a f r e e - s t r e a m  unit  R e y n o l d s  n u m b e r  of  0 .53  x 106 p e r  inch,  t h e  
v a r i a t i o n  of t he  l o c a t i o n  of t r a n s i t i o n  as m e a s u r e d  f r o m  s h a d o w g r a p h  
p i c t u r e s  wi thout  s u c t i o n  is p r e s e n t e d  in F i g .  10. I n c l u d e d  in t he  f i g u r e  
is  the  t r a n s i t i o n  l o c a t i o n  a t t a i n e d  wi th  o p t i m u m  s u c t i o n  and  wi thout  s u c -  
t i o n  at t w o - d e g r e e s  ang le  of a t t a ck  on t he  w i n d w a r d  s i d e  at Mach  n u m b e r  3. 
T r a n s i t i o n  was  d e l a y e d  by ~ 9 .5  in. b e c a u s e  of  s u c t i o n  at Mach  n u m b e r  3. 

w a f m  
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CONCLUDING REMARKS 

The p r e s e n c e  of the  s u c t i o n  s l o t s  in the  m o d e l  s u r f a c e  p r o m o t e d  
e a r l y  t r a n s i t i o n  at Mach  n u m b e r  2 .5  and d e l a y e d  t r a n s i t i o n  at Mach  
n u m b e r s  3 .0,  3 .5 ,  and 4 .0 .  A c o m p a r i s o n  of the  ne t  d r a g  r e d u c t i o n  
at Mach  n u m b e r  3 wi th  the  r e s u l t s  ob t a ined  d u r i n g  an e a r l i e r  t e s t  on 
the  s a m e  m o d e l  c o n f i g u r a t i o n  s h o w e d  a s i g n i f i c a n t  i m p r o v e m e n t  in t he  
m o d e l  p e r f o r m a n c e  which  a m o u n t e d  to a 5 8 - p e r c e n t  r e d u c t i o n  in ne t  
d r a g  at a R e y n o l d s  n u m b e r  f r o m  10 to 11 m i l l i o n  as c o m p a r e d  to a 
2 7 - p e r c e n t  ne t  d r a g  r e d u c t i o n  at a R e y n o l d s  n u m b e r  f r o m  6 to  6 .5  m i l -  
l ion .  The  d e s i g n  f e a t u r e s  w h i c h  r e s u l t e d  in t h e s e  p e r f o r m a n c e  ga in s  
c o n s i s t e d  of i m p r o v e m e n t s  in the  s u c t i o n  s y s t e m  and a c l o s e r  s p a c i n g  
of  t he  s u c t i o n  s l o t s .  
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Nozzle and Test Section 

Fig. I Tunnel E-l, a 12 x 12-in. Supersonic Wind Tunnel 
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